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Silica coated (30 wt%) cobalt zinc ferrite (Co1xZnxFe2O4, x¼0, 0.2, 0.3, 0.4, 0.5 and 1) nanoparticles were synthesized by using sol–gel
method. Silica acts as a spacer among the nanoparticles to avoid the agglomeration. X-ray diffraction (XRD) reveals the cubic spinel ferrite
structure of nanoparticles with crystallite size in the range 37–45 nm. Fourier transform infrared (FTIR) spectroscopy conﬁrmed the formation of
spinel ferrite and SiO2. Scanning electron microscopy (SEM) images show that the nanoparticles are nearly spherical and non-agglomerated due
to presence of non-magnetic SiO2 surface coating. All these measurements signify that the structural and magnetic properties of Co1xZnxFe2O4
ferrite nanoparticles strongly depend on Zn concentration and nanoparticle average crystallite size in different Zn concentration regimes.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Magnetic nanoparticles are of great importance due to their
potential applications in ferro-ﬂuids, targeted drug delivery,
magnetic data storage, and cancer treatment [1–3]. The
magnetization of ﬁne nanoparticles is signiﬁcantly different
as compared to that of their counter bulk material [4]. Ferro- or
ferri-magnetic nanoparticles have lower saturation magnetiza-
tion as compared to their counter bulk material [5]. This
reduction of magnetization is a well known effect and
attributed to the presence of disordered surface spins on
individual nanoparticle's surface. Due to broken surface bonds
and different surface anisotropy, surface spins have different
magnetic orientations as compared to spins in the core of the
nanoparticles [6,7]. In ferrite nanoparticle, the surface effects10.1016/j.pnsc.2014.05.011
14 Chinese Materials Research Society. Production and hosting by
g author. Tel.: þ92 51 9019714.
ss: kashif.nadeem@iiu.edu.pk (K. Nadeem).
nder responsibility of Chinese Materials Research Society.are induced due to disordered surface spins which can affect
their magnetic properties [8,9]. These surface effects get more
pronounced with decreasing particle size due to large surface
to volume ratio. Magnetic properties of the bulk spinel ferrite
materials also depend upon the cationic distribution on the
octahedral [A] and tetrahedral [B] lattice sites [10]. The spins
at the octahedral and tetrahedral lattice sites are opposite to
each other. Therefore it is important to take into account the
nanoparticle crystallite size during the investigation of doping
effects in ferrite nanoparticles. Different researchers have made
several attempts for the improvement of the magnetic proper-
ties of cobalt ferrite (CoFe2O4) nanoparticles by doping with
different cations [11–14]. It is reported that the nature of the
dopant (e.g. ionic radii, mobility, polarization, anisotropy, etc.)
also affects the properties of the ferrites [15,16]. Zn2þ ions are
non-magnetic but they can increase the net magnetization of
CoFe2O4 [17,18]. This increase in magnetization is due to
rearrangement of cations on the lattice sites. Actually the local
magnetizations at the two lattice sites (octahedral [A] and
tetrahedral [B]) in cobalt ferrite are opposite in direction,
which get disturbed upon doping of Zn2þ cations [19].
Different reports conﬁrmed the rearrangement of the cationsElsevier B.V. All rights reserved.
Fig. 1. XRD patterns of SiO2 coated Co1xZnxFe2O4 nanoparticles with x¼0,
0.2, 0.3, 0.4, 0.5 and 1.
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Mössbauer spectroscopy [20–22]. Therefore, one can increase
the net magnetization of the CoFe2O4 nanoparticles by doping
it with particular concentration of the Zn2þ cations. How-
ever, this particular concentration for the maximum (peak)
magnetization is reported by several scientists with different
results e.g., Hou et al. [23] reported the peak magnetization
(64.6 emu/g) at x¼0.5 Zn concentration in CoFe2O4 nano-
spheres synthesized by using a solvothermal method; Singhal
et al. [17] reported the peak magnetization (91.6 emu/g) at
x¼0.4 Zn concentration in CoFe2O4 nanoparticles prepared by
using sol–gel method; Somaiah et al. [24] reported the peak
magnetization (87 emu/g) at x¼0.2 Zn concentration in nano
CoFe2O4 synthesized by using an auto-combustion technique;
Rani et al. [25] reported the peak magnetization at x¼0.1 Zn
concentration in nano CoFe2O4 prepared by using a solution
combustion method. The contradiction in the optimum Zn
concentration for the peak magnetization can be due to
different reasons, e.g. different synthesis methods, different
synthesis conditions, annealing temperatures and different
crystallite sizes.
Magnetic nanoparticles have strong tendency to aggregate
due to magnetic interparticle interactions and large nanoparti-
cle surface reactivity, which can give a collective or different
magnetic response as compared to non-agglomerated nanopar-
ticles. To avoid agglomeration, different routes had been
adopted, e.g. disperse nanoparticles in non-magnetic matrix,
surface silica coating, polymer coating etc. [26–29]. In this
study, we have used silica (SiO2) as a nanoparticle's surface
coating material, which also acts as a spacer among the
nanoparticles and reduces agglomeration/inter-particles inter-
actions. In this article, we have studied the structural and
magnetic properties of the SiO2 coated zinc doped cobalt
ferrite (Co1xZnxFe2O4, Zn concentration (x)=0, 0.2, 0.3, 0.4,
0.5 and 1) nanoparticles synthesized by using the sol–gel
method. We tried our best to keep the experimental conditions
constant but still we got some scatter in the average crystallite
size with Zn concentration (x). We have considered the
variation in the nanoparticle crystallite size with x during
investigation of doping effects.
2. Synthesis and experimental techniques
Synthesis schemes play an important role in controlling the
properties of SiO2 coated magnetic nanoparticles [30]. Sol–
gel, co-precipitation, condensation procedure, microemulsion
route, etc. are commonly used methods to coat nanoparticles
with SiO2 for their surface modiﬁcation [31,32]. Among them,
the sol–gel method is a simple chemical method, which has
been extensively used for the coating of nanoparticles with
SiO2 layer [27,33,34]. Therefore, we used the sol–gel method
for the synthesis of SiO2 coated Co1xZnxFe2O4 (where x=0,
0.2, 0.3, 0.4, 0.5 and 1) nanoparticles. The chemical reagents
used were cobalt nitrate (Co(NO3)2  6H2O), zinc nitrate (Zn
(NO3)2  6H2O), iron nitrate (Fe(NO3)3  9H2O), citric acid
(C6H8O7), and tetraethyl orthosilicate (Si(OC2H5)4) (TEOS,
a precursor for SiO2). The chemicals were purchased fromSigma-Aldrich. All the chemical reagents were of analytical
grade and used without any puriﬁcation.
First of all, a solution of Co(NO3)2  6H2O, Zn(NO3)2 
6H2O, and Fe(NO3)3  9H2O in their stoichiometry was pre-
pared in ethanol and was named as solution 1. Magnetic
stirring was done to get a homogeneous mixture. Another
solution 2 of the calculated amount of C6H8O7 (molar ratio
nitrates to citric acid=1:1) in distilled water was prepared and
dropped into solution 1 under stirring to get a homogeneous
combined solution. Afterwards TEOS (30 wt% of total
nitrates) was dropped into the above combined solution under
stirring. We kept the concentration of TEOS constant for the
all the samples because SiO2 concentration can affect the
nanoparticle crystallite size. Now ammonia was added to get
the pH value of about 5. The ﬁnal solution was heated to 70 1C
and stirred until the formation of wet gel. The wet gel was then
placed in an oven at 100 1C overnight to remove the remaining
water and ethanol. The dried gel was then ground in agate and
mortar and annealed in a furnace at 900 1C for 2 h to get
the desired SiO2 coated cobalt zinc ferrite nanoparticles. The
structural analysis was done by using X-ray diffraction (XRD)
(D/Max IIIC Rigaku with a CuKα source of wavelength
1.54056 Å). The phonon modes were observed by using a
Fourier transform infrared (FTIR) (Nicolet 5700) spectrometer
in the wave number range 400–1200 cm1. Nanoparticles’
imaging was done by using scanning electron microscopy
(JEOL-instrument JSM-6490A). Magnetic measurements were
taken by using a vibrating sample magnetometer (VSM).3. Results and discussion
X-ray diffraction (XRD) was carried out using CuKα
(0.154 nm) source at ambient pressure and temperature to
study the structural parameters such as phase formation,
average crystallite size, and lattice parameter. Fig. 1 shows
the XRD patterns of all SiO2 coated Co1xZnxFe2O4 nano-
particle samples with different values of Zn concentration
Fig. 2. (a) Average crystallite size of SiO2 coated Co1xZnxFe2O4 nanopar-
ticles as a function of Zn concentration (x)¼0, 0.2, 0.3, 0.4, 0.5 and 1, and
(b) lattice constant ‘a’ as a function of Zn concentration (x). Solid lines just
show the trend. Fig. 3. SEM images of SiO2 coated CoFe2O4 (x¼0) nanoparticles at
(a) scale¼0.5 μm (500 nm), and (b) and scale¼0.1 μm (100 nm).
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XRD reference cards JCPDS 22-1086 for CoFe2O4 and JCPDS
82-1092 for ZnFe2O4 that all the samples have spinel cubic
ferrite structure without any other impurity phases. Average
crystallite size is calculated by using Debye–Scherrer's for-
mula. Fig. 2(a) shows the variation of average crystallite size
with Zn concentration, which lies in the range 37–45 nm for
different Zn concentrations. Although, we tried our best to kept
the experimental conditions constant but still we got a non-
monotonic behavior of average crystallite size with increasing
Zn concentration, which may be due to inhomogeneous
stirring, different gel formation time, etc. The variation of
lattice constant ‘a’ as the function of Zn concentration is
shown in Fig. 2(b). Lattice constant shows a monotonic
increasing trend with increasing Zn concentration and is
attributed to larger ionic radius of the Zn2þ ion (0.82 Å) as
compared to Co2þ ion (0.78 Å) [25,35,36].
Scanning electron microscopy (SEM) was used to study the
shape and size of the SiO2 coated CoZn-ferrite nanoparticles.
Fig. 3(a) and (b) shows the SEM images of one of the sample
SiO2 coated CoFe2O4 (x¼0) nanoparticles at different scales.
It has been observed that most of the nanoparticles are non-
agglomerated due to the presence of non-magnetic SiO2. SiO2surface coating act as a spacer between the nanoparticles and
hence reduces agglomeration. The nanoparticles exhibit nar-
row particle size distribution and are nearly spherical in shape
as evident from Fig. 3(b).
Fourier transform infrared (FTIR) spectroscopy is an impor-
tant tool to explore the nature of local chemical bonds in a
material. As XRD does not provide an evidence of amorphous
SiO2 surface coating (see Fig. 1), we used FTIR spectroscopy
to unfold the features of SiO2, ferrite, and also nanoparticle/
SiO2 interactions. Fig. 4(a) shows the FTIR absorption
spectrum of KBr palletized SiO2 coated CoFe2O4 (x¼0)
nanoparticles in the range 400–1200 cm1. The absorption
bands at 453 and 565 cm1 are due to the vibration of the
chemical O–MOct.–O bond at octahedron position and chemi-
cal O–Mtet.–O bond at tetrahedron position of CoFe2O4
nanoparticle, respectively [37,38]. The presence of these
absorption bands indicates the formation of spinel ferrite
structure. The absorption bands at 800 and 1096 cm1
correspond to symmetric and asymmetric stretching Si–O–Si
vibrations, respectively, which conﬁrm the formation of
amorphous SiO2 [39,40]. There are no signs of SiO2–CoFe2O4
Fig. 4. (a) FTIR spectrum of SiO2 coated CoFe2O4 (x¼0) nanoparticles, and
(b) FTIR spectra of all SiO2 coated Co1xZnxFe2O4 nanoparticle samples with
different Zn concentrations (x)¼0, 0.2, 0.3, 0.4, 0.5 and 1. Dotted lines are
drawn just for indication of the bands in different samples.
Fig. 5. (a) M–H loops of SiO2 coated CoFe2O4 (x¼0) nanoparticles, and (b)
M–H loops of all SiO2 coated Co1xZnxFe2O4 nanoparticle samples for
different Zn concentrations (x)¼0, 0.2, 0.3, 0.4, 0.5 and 1. Inset shows the
coercivity region.
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around 950 cm1. Fig. 4(b) shows the FTIR spectra of all the
SiO2 coated Co1xZnxFe2O4 (x¼0, 0.2, 0.3, 0.4, 0.5, and 1)
nanoparticle samples. The FTIR spectra provide evidence
about the formation of ferrite and SiO2 in all the samples.
Magnetization measurements were performed using a vibrat-
ing sample magnetometer (VSM) at room temperature with a
maximum applied magnetic ﬁeld of 77 kOe. Fig. 5(a) shows
the M–H loops of SiO2 coated CoFe2O4 (x¼0) nanoparticles.
The magnetic moments are not saturated due to low applied
magnetic ﬁelds (77 kOe). The maximum magnetization for
CoFe2O4 nanoparticles is 45.1 emu/g (after subtracting SiO2
weight contribution), which is less than the saturation magne-
tization of bulk CoFe2O4 (74.08 emu/g) [41]. In ferrite
nanoparticles, surface anisotropy is usually different from the
bulk anisotropy due to disordered surface spins. The disor-
dered surface spins are responsible for the lower magnetizationin ferrite nanoparticles as compared to their counter bulk
material [42]. The surface atoms have coordination bonds with
the inner atoms only, which make dangling bonds on the
individual nanoparticle's surface [43]. It is also observed that
the magnetization of the SiO2 coated CoFe2O4 nanoparticles is
less than the bare CoFe2O4 nanoparticles of the same average
particle size. This decrease in magnetization for the coated
nanoparticles may be due to lesser agglomeration because
agglomerated bare nanoparticles can give a combined mag-
netic effect. The M–H loops of all SiO2 coated Co1xZnx-
Fe2O4 nanoparticle samples with different Zn concentrations
(x)¼0, 0.2, 0.3, 0.4, 0.5, and 1 are shown in Fig. 5(b). Pure
CoFe2O4 (x¼0) nanoparticles show a ferrimagnetic behavior
due to their inverse spinel structure in which Co2þ cations
prefer the octahedral sites. On the other hand, pure ZnFe2O4
(x¼1) nanoparticles show paramagnetic behavior due to its
normal spinel structure in which Zn2þ ions prefer tetrahedral
sites. The ferrimagnetic behavior of the nanoparticles decreases
Fig. 6. (a) Variation of magnetization of SiO2 coated Co1xZnxFe2O4
nanoparticles as a function of Zn concentration (x). Inset shows the variation
of crystallite size with Zn concentration (x), and (b) variation of coercivity of
SiO2 coated Co1xZnxFe2O4 nanoparticles as a function of Zn concentration (x).
Solid lines in both ﬁgures just show the trends.
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paramagnetic behavior for x¼1 sample (pure ZnFe2O4).
Fig. 6(a) and (b) shows the magnetization at 7 kOe (M7 kOe)
and coercivity (Hc) of SiO2 coated Co1xZnxFe2O4 nanopar-
ticles as a function of Zn concentration (x). The magnetization
shows a maximum at x¼0.3 and then it decreases down to
x¼1. There are different reports about this particular Zn
concentration to get maximum magnetization in Co1xZnx-
Fe2O4 ferrite [17,23–25]. The Zn
2þ ions prefer tetrahedral
lattice sites in the normal spinel structure of ZnFe2O4. The
existence of magnetization peak reveals that the Zn2þ ions
prefer different lattice sites before and after the peak position,
otherwise we should get a monotonic behavior. The decrease
in the magnetization at higher Zn concentration (x40.3) is
due to the reduction of exchange interaction between tetra-
hedral (A) and octahedral (B) lattice sites ions, which ﬁnally
results in the weakening of A–B interactions and leads to the
destabilization of the magnetic ordering. It is difﬁcult to
prepare nanoparticles with nearly same size using chemical
methods due to a lot of experimental parameters, which can
affect the nanoparticle diameter. The decrease of magnetizationwith the decreasing ferrite nanoparticle's diameter is a well-
known effect due to signiﬁcant importance of surface to
volume ratio in the nanoparticles. The atoms on the surface
have less coordination neighbors due to which their mutual
exchange interactions are reduced. Therefore the effect of
nanoparticle crystallite size on magnetization should also be
considered while studying the doping effects. In our case,
average crystallite size varies non-monotonically with the
increase of Zn concentration (x). For convenience, we have
shown the variation of the average crystallite size with Zn
concentration (x) in the inset of Fig. 6(a). The magnetization
dip for nanoparticles with x¼0.2 Zn concentration is due to
their smaller average crystallite size (37 nm). The average
crystallite size affects the nanoparticle magnetization more
dominantly in the regime x¼00.3 due to less Zn concentra-
tion (x). However above x40.3, Zn concentration dominates
in determining the magnetization e.g., magnetization of
nanoparticles with x¼0.5 and 1 is lower than x¼0.3, although
their average crystallite size is comparable. Therefore both
average crystallite size and Zn doping compete each other in
this system. For x40.2, the Hc decreases with increasing Zn
concentration (x) and is attributed to smaller anisotropy of
Zn2þ ions as compared to Co2þ ions. In the literature, it is
reported that the Hc also depends on the nanoparticle size. The
surface anisotropy increases with decreasing particle size due
to more disordered surface spins and can give larger coercivity.
Nanoparticles with x¼0.2 exhibit maximum Hc due to their
smaller average crystallite size of 37 nm. Pure ZnFe2O4 (x¼1)
nanoparticles show nearly zero Hc due to their paramagnetic
nature.4. Conclusions
SiO2 coated Co1xZnxFe2O4 nanoparticles (with x¼0, 0.2,
0.3, 0.4, 0.5, and 1) were successfully prepared by using the
sol–gel method. XRD, SEM and FTIR were used for the
structural and morphological studies. XRD study revealed
cubic spinel ferrite structure for all the samples. The average
crystallite size lies in the range of 37–45 nm. The lattice
constant showed an increasing trend with increasing Zn
concentration and is attributed to the larger ionic radii of
Zn2þ ions as compared to Co2þ ions. FTIR spectroscopy
conﬁrmed the formation of ferrite and SiO2. SEM images
showed that the nanoparticles are spherical in shape, narrow
particle size distribution and non-agglomerated due to presence
of non-magnetic SiO2 surface coating. The magnetization
exhibits a maximum at x¼0.3, after which it shows a
decreasing trend due to change in cationic distribution. The
changes in magnetic behavior are attributed to the redistribu-
tion of cations between octahedral (B) and tetrahedral (A)
lattice sites upon doping Zn2þ ions. The coercivity ﬁrst
increases from x¼0 to x¼0.2 and then decreases down to
x¼1. The decrease in coercivity for x40.2 is due to smaller
anisotropy of Zn2þ ions as compared to Co2þ ions. It can be
concluded that the structural and magnetic properties of SiO2
coated Co1xZnxFe2O4 ferrite nanoparticles strongly depend
K. Nadeem et al. / Progress in Natural Science: Materials International 24 (2014) 199–204204upon the concentration of Zn2þ ions and average crystallite
size in different regimes of Zn doping.
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